Voltammetric Study of Uranyl–Selenium Interactions. Part 2. Uranyl(V) Selenate Complex by Marina Zelić et al.
 
* Author to whom correspondence should be addressed. (E-mail: zelic@irb.hr) 
CROATICA CHEMICA ACTA 
CCACAA, ISSN 0011-1643, e-ISSN 1334-417X 
Croat. Chem. Acta 86 (1) (2013) 21–26.  
http://dx.doi.org/10.5562/cca1952 
Original Scientific Article 
Voltammetric Study of Uranyl–Selenium Interactions. Part 2. 
Uranyl(V) Selenate Complex 
Marina Zelić,* Ivanka Pižeta, and Renata Djogić 
Division for Marine and Environmental Research, Ruđer Bošković Institute, 
P.O. Box 180, HR-10002 Zagreb, Croatia 
RECEIVED JULY 14, 2011; REVISED NOVEMBER 16, 2012; ACCEPTED NOVEMBER 19, 2012  
 
Abstract. Under the influence of recently published papers and some older own results, complex formation 
in uranyl(VI)–selenium(VI) system was reinvestigated at the ionic strengths of 0.1 and 3.0 mol L–1. Using 
electrolyzed selenate solutions (and square-wave voltammetry as a measuring technique) two coordination 
species at the higher electrolyte concentration (log β1 = 1.48 ± 0.01, log β2 = 2.4 ± 0.1) were recognized, in 
agreement with the literature data based on other experimental methods. For successful interpretation of 
the voltammetric data, previously unknown weak complex (log β01=0.7 ± 0.1) of the reduction product, 
i.e. uranyl(V) should also be included in the model. At the lower electrolyte concentration (0.1 mol L–1), 
formation of complexes other than UO2SeO4
0 cannot be unambiguously confirmed due to the narrow lig-
and concentration range.  
Concerning the number of coordination species and their stability constants, seemingly different results 
that arise from voltammetry and other (independent) experimental methods reflect the fact that the former, 
in addition to the complexation of initially present metal ion, "sees" the coordination of its reduction 
product with the ligand of interest, too. When both processes are taken into account during treatment of 
voltammetric data, such differences disappear. (doi: 10.5562/cca1952)  
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INTRODUCTION 
Complexation of uranyl(VI) ions with selenium con-
taining ligands was virtually unknown.1,2 until Lubal 
and Havel3 published experimental results on the 
formation of UO2(SeO4)n
(2n–2)– coordination species. 
From spectrophotometric measurements, at the ionic 
strength of 3 mol L–1, two stability constants (log β1 = 
1.57 ± 0.01, log β2 = 2.42 ± 0.01) arose. At infinite 
dilution, the situation was more ambigous (log β1 = 
2.64 ± 0.01, log β2 ≤ 3.4 – based on potentiometric 
titration). Under the influence of such conclusions 
and some other unexplained effects, we performed a 
similar study4 by means of square-wave voltammetry 
(SWV)5 that included not only uranyl(VI)–selenate, 
but also uranyl(VI)–selenite interactions. Final results 
were only partly in agreement with the above men-
tioned values, because log β1 = 1.57 ± 0.01 was ob-
tained again (at I = 3 mol L–1) but formation of the 
higher coordination species with β2 > β1 could not be 
confirmed although measurements in highly concen-
trated ligand solutions were included. 
The study of uranyl(VI)–selenite (i.e. selenium(IV)) 
interactions was complicated by electroactivity of the 
ligand and overlapping of its first voltammetric signal 
with reduction peak of uranyl(VI). Consequently, our 
previous study yielded inconclusive results concern-
ing the possible complex formation. 
In subsequent articles, the complexation of UO2
2+ 
with selenium(VI) or selenium(IV) was described by 
other experimental techniques such as time-resolved 
laser-induced fluorescence spectroscopy6 and capillary 
electrophoresis7. Two uranyl(VI) complexes with sele-
nium(VI) (i.e. selenate) and one or two coordination 
species with selenium(IV) seem to be confirmed. The 
reasons that prevent obtaining of similar voltammetric 
results in the former case stay unclear whereas in the 
latter they are more or less obvious. In this article, the 
origin of such discrepancy and its elimination are de-
scribed. Deeper insight into uranyl–selenium interac-
tions could be important for understanding of some 
toxic effects8 and preparation of materials with very 
specific properties9. 
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EXPERIMENTAL 
All solutions of NaClO4, Na2SeO4 and HClO4 were 
prepared by dissolution of reagent grade chemicals, 
produced by Merck, Fluka and Kemika (Zagreb) in 
doubly distilled water. For preparation of dissolved 
uranyl(VI), a classical procedure from Gmelins hand-
book10 was applied. 
SWV measurements were performed using PAR 
303A static mercury drop electrode connected to the 
Autolab System (Eco Chemie, Utrecht). Platinum wire 
served as a counter electrode whereas all potentials were 
defined with respect to the saturated Ag | AgCl(NaCl) 
reference electrode. High purity nitrogen was used for 
deaeration of the measuring solution. 
All experiments were performed at 23 ± 2 °C. 
In the first part of each experiment, uranyl(VI) 
reduction signal was followed at increasing selenate 
level, starting from the metal solution in 3 mol L–1 
NaClO4 to which 1 mol L
–1 ligand solution was gradu-
ally added at a constant level of dissolved metal (0.1 
mmol L–1) and constant acidity (pH = 3). After the 
selenate concentration in the polarographic cell 
reached the value of 0.5 mol L–1, the second part of the 
experiment started in which 1 mol L–1 selenate solu-
tion was titrated with 3 mol L–1 sodium perchlorate. 
Such an experimental protocol yielded the widest pos-
sible ligand concentration range. The same approach 
was applied at the lower ionic strength (0.1 mol L–1) 
with perchlorate and selenate concentrations of 0.1 and 
0.033 mol L–1, respectively.  
 
Data Treatment 
In voltammetry, characterization of kinetically labile 
metal complexes (MLj), i.e. determination of their sta-
bility constants is usually based on following the shift of 
reduction signal with increasing ligand concentration at 
a constant (dissolved) metal concentration and fixed 
ionic strength11,12. Such a procedure has its origin in the 
Nernst equation, i.e. change of the concentration ratio 
between oxidized and reduced forms of the studied 
redox pair. When an amalgam forming metal appears as 
a product of the electrode reaction, only free metal ion 
is of interest. The titration procedure in such a case is 
described by the following equation: 
ΔEp = 2.303(RT / nF ) × log(1 + β1[L] +  
          β2[L]
2 + β3[L]
3 + … βN[L]
N )  (1) 
where ΔEp denotes the peak potential shift, i.e. the dif-
ference between peak potentials in the absence and 
presence of the complex forming agent, n is the number 
of exchanged electrons in the electrode reaction and βj is 
the cumulative stability constant: 
βj = [MLj] / [M][L]
j (2) 
Other symbols (R, T, F) have their usual mean-
ings, whereas N denotes the number of ligands bound in 
the highest complex species. 
When the electrode process "produces" the ion of 
lower charge (instead of metal atom), two possibilities 
exist; either the dissolved product stays "free" or it be-
comes coordinated with the ligand of interest. In the 
first case, gradual increase of the total ligand concentra-
tion causes the absolute concentration of the free oxi-
dized metal ion to decrease, but its ratio to the free re-
duced form is not affected. Under such conditions, 
equation (1) is applicable again. When the metal ion of 
lower charge is coordinated, the equation: 
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should be used instead. Here β0j denotes cumulative 
constant of the corresponding complex that contains 
reduced metal ion and the ligand of interest. In both 
cases, constant height of the reduction signal is as-
sumed. Otherwise, additional correction is needed.12 
 
RESULTS AND DISCUSSION 
Taking into account that during preparation of our pre-
vious article4 complexation of uranium(V) (i.e. of urani-
um(VI) reduction product13) was generally treated as an 
exception, experimental results from the study of 
UO2
2+–SeO4
2– interactions were originally described by 
means of equation (1). Under such conditions (at the 
ionic strength of 3 mol L–1) only UO2SeO4
0 seems to be 
formed up to the ligand concentration of 1 mol L–1. 
Therefore, the peak potential shift is generally lower 
than expected for the published values of stability con-
stants3. The difference becomes more pronounced as the 
ligand concentration increases and finally reaches the 
value of 47 mV in 1 mol L–1 selenate solution (Figure 1). 
The mentioned conclusion about the maximum 
coordination number also arises from the highest slope 
(59 mV per decade unit) of ΔEp vs. log[SeO4
2–] curve.  
During the last decade an increasing interest in 
complex formation of uranyl(V) could be observed.14–21 
According to the resulting conclusions, both UO2
2+ and 
UO2
+ can often be coordinated by the same type of 
ligand but in the latter case stability constants are lower. 
Therefore such a possibility should be taken into account 
when voltammetric data from uranyl(VI)–selenate  
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system are treated. The results of this type, obtained by 
equation (3) instead of equation (1), are given in Figure 2. 
Their best description is achieved when two coordina-
tion species of uranyl(VI) and one complex of uranyl(V) 
are assumed (log β1 = 1.48 ± 0.01, log β2 = 2.4 ± 0.1,  
log β01 = 0.7 ± 0.1). In other words, a weak species 
UO2SeO4
– seems to exist. However, it can be "seen" 
only when previously electrolyzed selenate solution4 is 
used. Otherwise, results are obviously affected by the 
selenite that always appears as an impurity in such sys-
tems. Its direct interaction with the metal ions is most 
probably not very important at such low concentrations, 
but its electroactivity which results in modified elec-
trode surface22 and overlapping of its first reduction 
peak with uranyl(VI) signal could be of interest. 
The mentioned result is important for at least two 
reasons. First, it demonstrates that even weak complexa-
tion of the reduction product with the ligand of interest 
could significantly influence the experimental results 
(i.e. final conclusions). Second, it points to the previous-
ly unknown coordination of uranyl(+5) with selenate.  
All stability constants (literature and own) of 
uranyl ions with selenium containing (inorganic) ligands 
are given in Table 1. 
Figure 1. The difference between peak potential shift,
expected according to the published stability constants and its
experimentally obtained value as a function of selenate
concentration in UO2
2+ –SeO4
2– system. Uranyl(VI) concentra-
tion: 0.1 mmol L–1, pH = 3, ionic strength: 3 mol L–1 main-
tained with NaClO4, SW frequency: 100 s
–1, amplitude:
50 mV, step potential: 2 mV.  
Table 1. Stability constants of UO2
2+ and UO2
+ complexes with selenate and selenite 
Cation Anion log β1 log β2 I / mol L
–1 Method(b) Ref.(b) 
UO2
2+ SeO4
2– 1.57 ± 0.01 2.42 ± 0.01 3 spectroph. 3 
  2.64 ± 0.01 ≤ 3.4 0 pot. 3 
  1.57 ± 0.01  3 SWV 4 
  2.0 ± 0.1  0.1 SWV 4 
  2.93 ± 0.06 4.03 ± 0.18 0 CE 7 
  1.48 ± 0.01 2.4 ± 0.1 3 SWV t.w. 
       
UO2
2+ HSeO3
– 3.35 ± 0.12  0.05 TRLFS 6 
  3.32 ± 0.15  0.2 TRLFS 6 
  3.37 ± 0.17  0.035 spectroph. 6 
    3.62 ± 0.15(a)  0 spectroph. 6 
  3.37 ± 0.15 5.51 ± 0.11 0 CE 7 
UO2
+ SeO4
2– 0.7 ± 0.1  3 SWV t.w. 
(a) at 20 °C 
(b) spectroph. = spectrophotometry, pot. = potentiometry, SWV = square wave voltammetry, CE = capillary electrophoresis,
TRLFS = time-resolved laser-induced fluorescence spectroscopy, t.w. = this work
Figure 2. Peak potential shift as a function of selenate con-
centration. Experimental conditions given in description of 
Figure 1. Solid line obtained by fitting of the experimental 
points with equation (3), i.e. assuming complexation of UO2
2+
and its reduction product UO2
+, too.  
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The already mentioned slope of ΔEp vs. log [SeO4
2–] 
linear segment (59 mV per decade unit) is not in con-
tradiction to the present model. The reason is that in 
concentrated ligand solutions uranium(VI) mainly exists 
as UO2(SeO4)2
2– whereas uranium(V) is in the form of 
UO2SeO4
– (Figure 3). Under such conditions ΔEp is a 
linear function of log ([SeO4
2–]2 / [SeO4
2–]), i.e. of log 
[SeO4
2–], according to equation 3. In other words, its 
slope is 59 mV/d.u. and not 2 × 59 mV/d.u. although the 
highest complex is of ML2 type. 
It should be emphasized that the selenate complex 
of uranyl(V) cannot be characterized at low ionic 
strengths (such as 0.1 mol L–1) because it is a minor 
species within the accessible ligand concentration range 
(up to 0.033 mol L–1). In this case, the peak shift as a 
function of selenate concentration (Figure 4) can be 
described with equation (1) and the model that includes 
one (log β1 = 1.97 ± 0.01) or two complex species 
(log β1 = 1.93 ± 0.01, log β2 = 2.60 ± 0.07). The latter 
seems better as follows from the visual inspection of 
curve fitting or statistical treatment of experimental 
values. However, the differences between these two 
possibilities are not (significantly) higher than the ex-
perimental error.  
In order to verify this result, we compared our 
conclusions with those that arise from the study of 
uranyl(VI) complexation with a similar ligand (i.e. sul-
fate) by an independent method.23 The latter results 
indicate formation of two complexes at the ionic 
strength of 0.1 mol L–1. The problem is, however, that at 
the higher electrolyte concentration three (sulfate) com-
plexes seem to appear, in disagreement with all known 
results on the uranyl(VI) coordination with selenate ion. 
In the mentioned study the ionic strength was defined 
through the constant concentration of sodium ions lead-
ing to somewhat different experimental results based on 
significantly wider ligand concentration range (i.e. 
higher maximum ligand level).  
Therefore, clear insight into uranyl–selenate in-
teractions at the low ionic strength is still lacking. 
At both electrolyte concentrations, it is important 
to perform voltammetric measurements with chemicals 
of high purity (especially with respect to the presence of 
selenite) and small step potentials in order to obtain 
accurate readings of Ep values. (The latter can be im-
proved by additional signal processing.) The main prob-
lem with nonelectrolyzed selenate solutions is the dis-
persion of experimental points that prevents recognition 
of the weak UO2SeO4
– or any other minor species in a 
curve fitting procedure.  
It follows from equation (3) that the difference (R) 
between the peak potential shift, expected from the 
stability constants determined by some other measuring 
technique and its experimental value (Figure 1) reflects 
complexation of reduced form of the dissolved metal, i.e. 
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When different experimental techniques give simi-
lar results (concerning the number of possible coordina-
tion species and their stability constants) but 
voltammetric peak potential shifts are significantly 
lower than expected on the basis of such results, possi-
ble complex formation of the reduction product with the 
ligand of interest should always be taken into considera-
tion. From such results the constants of interest can be 
calculated without difficulties, because equation (4) is in 
Figure 4. Peak potential shift in dependence on the ligand
concentration at the ionic strength of 0.1 mol L–1. Other condi-
tions given in description of Figure 1. Experimental points
fitted assuming formation of UO2SeO4
0 (—) or UO2SeO4
0 and
UO2(SeO4)2
2– complex species (―).  
Figure 3. Distribution of the total dissolved uranyl(VI)
(―—) among UO2
2+ (a), UO2SeO4
0 (b) and UO2(SeO4)2
2– (c),
and uranyl(V) (– – – –) among UO2
+ (d) and UO2SeO4
– (e) in
dependence on the ligand concentration. Calculations based on
stability constants from this work.  
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fact equation (1) applied to the reduced metal ion (but 
with R introduced instead of classical ΔEp). Additional-
ly, R value can be correlated with the value within pa-
rentheses in equation (4), i.e. with denominator in equa-
tion (3). The resulting graphical presentation, assuming 
single electron reduction, is given in Figure 5.  
In practice, it could be useful for direct reading of 
1 + β01[L] + β02[L]2 + β03[L]3 + … β0N[L]N when exper-
imentally obtained R value is known. Obviously, the 
conditions for (successful) voltammetric characteriza-
tion of kinetically labile complexes (concerning reversi-
bility of the reduction process, absence of ligand or 
complex adsorption etc.) should be fulfilled in the 
whole ligand concentration range. R values, significant-
ly higher than the experimental error, that show the 
trend given in Figure 1 are also needed.  
Going back to the initially defined question about 
the origin of different results that arise from voltamme-
try and other experimental techniques, application of an 
inappropriate voltammetric data treatment which cannot 
give satisfactory constants (even when based on meas-
urements with purified selenate solutions) should be 
recognized. More precisely, the problem arises because 
voltammetry "sees" not only the complexes of 
uranyl(VI) but also of its reduction product, i.e. 
uranyl(V). When the latter process is taken into account 
the mentioned differences disappear. 
 
CONCLUSION 
Voltammerically determined stability constants in 
UO22+–SeO42– system (at the ionic strength of 3 mol L–1) 
are nearly the same as those that arise from other exper-
imental methods, only if the previously electrolyzed 
ligand (stock) solution is applied and the measured data 
is treated according to the model which includes 
complexation of the reduction product, i.e. UO2+. Alt-
hough many coordination species of so called 
pentavalent uranium with different ligands were de-
scribed during the last decade this is the first indication 
of UO2SeO4– formation.  
At the lower ionic strength (0.1 mol L–1) the situa-
tion is not so simple because of the narrow accessible 
ligand concentration range (up to 0.033 mol L–1). Under 
such conditions other possible complexes, in addition to 
UO2SeO40, cannot be confirmed unambiguously. If they 
exist, their relative concentrations (and therefore "con-
tributions" to the peak potential shift) are very low.  
Seemingly different results that arise from volt-
ammetry and other (independent) methods reflect the 
fact that the former, in addition to the complexation of 
initially present metal ion, detects the coordination of its 
reduction product with the ligand of interest. When the 
latter process is taken into account during treatment of 
voltammetric data, such differences disappear. 
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